The measurement of blood volume in the pulmonary vascular bed during life became theoretically feasible with the introduction of indicator dilution methods by Stewart (1) and Hamilton, Moore, Kinsman and Spurling (2) . The principles and formulas set forth by these investigators have since undergone extensive scrutiny by theoretical analysis, in circulation models, and in vivo. As a result of these studies, there exists now general agreement that the introduction of an indicator substance into the central circulation, either directly or by peripheral venous injection, and downstream recording of its concentration change with time during the first transit permits the determination of three important circulatory parameters: 1) the cardiac output, 2) the mean transit time from injection to sampling site, and 3) by multiplication of cardiac output and mean transit time, the circulating volume of blood between injection and sampling sites, including all temporally equidistant points in the vascular bed.
Practically speaking, then, the measurement of pulmonary blood volume in vivo requires determination of the mean transit time of an indicator from the pulmonary artery to the left atrium together with cardiac output.
The development of right and left heart catheterization has made the pulmonary artery and left atrium accessible as injection and sampling sites in man. Injection of an indicator through a cardiac catheter into the pulmonary artery is easy. The recording of dilution curves by sampling from the left atrium is feasible but cumbersome. Furthermore, it is uncertain whether an indicator injected into the pulmonary artery and sampled from the left atrium will undergo complete mixing, since it does not traverse a ventricular chamber in which turbulent flow exists.
In the present study, an attempt was made to measure pulmonary blood volume in man by the Stewart-Hamilton method and yet avoid left atrial sampling and the uncertainty of adequate mixing in the pulmonary circuit. The procedure employed was the simultaneous injection of two different indicators into the pulmonary artery and left atrium, with sampling from the brachial artery. This yields duplicate determinations of cardiac output as well as the mean transit time of indicator A from the pulmonary artery to the brachial artery and of indicator B from the left atrium to the brachial artery. By subtraction, the mean transit time from pulmonary artery to left atrium is obtained, and pulmonary blood volume can be calculated. Both indicators traverse the left ventricle where they are exposed to a common degree of turbulent mixing. The use of a common collecting system ensures that any distortion of the time-concentration curves due to its particular properties would affect both indicators equally and thus, in effect, cancel out. The principle of the determination is represented schematically in Figure 1 .
Since the method requires simultaneous catheterization of the right and left heart, no observations in normal subjects were carried out. The determinations were made in the course of diagnostic studies on 45 adult patients who had or were suspected of having mitral or aortic valvular disease of sufficient complexity to warrant combined right and left heart catheterization for eval- The patient was then turned to the pronc position and left heart catheterization performe(l by the percutaneous paravertebral route as previously described (3), introducing a no. 16 gage thin-walled needle into the left atrium. A 40 cm length of PE60 polyethylene tubing was passed through the lumen of the needle, advanced across the mitral valve for pressure measurements in the left ventricle, and then withdrawn until its tip rested in the left atrium. Pressures were recorded through Statham P23D strain gage manometers on a Sanborn Polyviso direct-writing oscillograph. The zero point for all pressure measurements was taken to be 10 cm anterior to the skin of the back at the level of the seventh thoracic vertebra. Immediately after the simultaneous recording of pressures in the pulmonary artery, left atrium and brachial artery, the indicator dilution studies were carried out. Upon a prearranged signal, simultaneous rapid inj ections were made of 3 ml Evans blue dye into the pulmonary artery and 3 ml I"3'-labeled human serum albumin (6 to 8 flc per ml) into the left atrium, while blood was allowed to flow from the arterial needle through a 28 cm length of PE280 polyethylene tubing (volume 1.0 ml) into a rotating wheel-type fraction collector containing test tubes with a few crystals of dried heparin. Each tube collected blood for exactly 2 seconds. The time and duration of the left atrial injection and the passage of the sampling tubes were inscribed on the Polyviso record via electric relay switches. The recorded duration of the injection was usually 1 second; the midpoint of the injection period was considered zero time for all transit time measurements. Gibson syringes were used for all indicator injections; the amount delivered from syringe and catheter was calibrated by weight. After completion of the procedure, all sample tubes were centrifuged, and 0.5 or 1.0 ml aliquots of undiluted plasma analyzed for radioactivity in a well-type scintillation counter for sufficient time to ensure less than 1 BA)(sec).
RESULTS
The results of the study are listed in Table I , together with the pertinent hemodynamic parameters.
Cardiac output
There was substantial agreement between the simultaneous cardiac output determinations, as shown in Figure 2 . The average ratio of the flows as calculated from left atrial and pulmonary arterial injections was 0.98, with a standard deviation, computed from the distribution of ratios, of 0.15. No systematic differences between the two determinations were found, although there were occasional divergences for which no obvious explanation could be offered. 
0-0%O\0000 (Figure 3 ), but higher pulmonary blood volumes were associated with longer pulmonary mean transit times ( Figure 4 ) (R = + 0.769). There was also an inverse relationship between cardiac index and pulmonary mean transit times ( Figure 5) PULMONARY BLOOD VOLUME-cc./Sq. be equally distributed to the two lungs, or if it is not equally distributed, the velocity of flow through the two lungs must be identical. There is no reason to believe that indicator injected into the main pulmonary artery or into one branch becomes equally distributed in each main branch.
In fact, the probability is that it does not. If the bolus of indicator is diverted predominantly to one lung, the pulmonary mean transit time affords calculation of the blood volume of that lung plus the volume of temporally equidistant vessels of the opposite lung. For the true blood volume of the latter to be included, it is necessary to assume equal velocity of blood flow through both lungs. This assumption has not been tested.
2. Bronchial circulation. The bronchial circulation anastomoses with the pulmonary circulation at the arterial, capillary, and venous levels (5). The flow is said to amount to between 2 and 5 per cent of the cardiac output in normal man. The temporally equidistant portions of these bronchial collaterals entering the lung are included in both the pulmonary arterial and left atrial injection volumes and therefore cancel out when these two are subtracted from one another to arrive at the calculation of pulmonary blood volume. If, however, blood passes from pulmonary artery to the bronchial system as a result of a higher pressure in the pulmonary than in the corresponding systemic circulation, the calculated pulmonary blood volume would be artifactually large, due to an inclusion of this right to left volume which would not be included in the left atrial to brachial arterial volume. It seems unlikely that such a pulmonary to bronchial shunt would be of important magnitude.
3. Mixing of indicator in left atrium. In the event of incomplete mixing of indicator injected into the left atrium, the calculated pulmonary blood volume would include that portion of the chamber volume in which the left atrial injectate did not mix and would thus be falsely high. Evidence indicates that there may indeed be incomplete mixing of indicator within the left atrium, and the extent of incomplete mixing would presumably be dependent upon the indicator's being uniformly distributed in all parts of the atrium, and this would be affected in part by the time of ifl(licator inijectionl relative to the cardiac cycle. 1h1 (legrce to which this iniixiiio factor iinfluences the resuilts of this study cannot be determined at presellt. Although mixing might be expected to be less adequate with increasing chamber size, there was no direct relationship between the calculated pulmonary blood volume and the radiologic size of the left atrium (Figure 8 ). The largest left atrium to brachial artery volumes were recorded among the group of cases with predominant mitral regurgitation, which was associated with the greatest degree of left atrial and left ventricular enlargement. Inordinately high values for pulmonary blood volume were not seen in this group. Experimental evidence indicates that regurgitation into a chamber may greatly facilitate the mixing of injectate therein (6) .
The possibility exists that the two indicators may not be thoroughly distributed throughout the entire volume of the left ventricle, but it seems reasonable to expect that the "mixing volume" within that chamber is approximately the same for both indicators. Under these conditions, the mean transit time of the two indicators through the ventricle would be the same. BLOOD VOLUME. There is no correlation between the size of the left atrium by X-ray and the calculated pulmonary blood volume.
same as that of whole blood Both the indicators utilized in this study were carried within the plasma fraction. Although there is evidence that the transit time for cells is faster than that for plasma within the central circulation (7), the error introduced into the pulmonary blood volume calculation by this difference is not considered to be significant. 5. Cardiac output. Cardiac output determinations by the indicator dilution method are believed to have an accuracy similar to that of the Fick method, both having an error of about 5 per cent (8, 9) . The contribution of technical errors to this percentage should be reduced by obtaining the average of two simultaneous cardiac output determinations with two different indicators. The appearance of recirculating indicator before satisfactory recording of the exponential decay portion of the curve may cause errors in downslope extrapolation which affect both the cardiac output figures and the mean transit time determination in varying degrees. This would be more likely to occur in the dilution curve from pulmonary arterial injection, due to the larger central volume and the longer time required for inscription of the curve. However, the absence of a systematic difference between the pairs of simultaneous cardiac output values, particularly in the range of the very low outputs, suggests that this has not been a source of significant error in these cases (Figure 2) . It was necessary to eliminate several cases of severe valvular regurgitation from the study because the prolonged nature of the curves made it difficult to define the exponential decay portion of the curve in the presence of recirculating indicator.
6. Measurement of mean transit time. The timing of the beginning and duration of the two indicator injections was not independently recorded. Injection through the polyethylene catheter into the left atrium requires 0.5 to 1.0 seconds, while injection into the pulmonary artery through the Cournand catheter requires 1.0 to 1.5 seconds. Due to the larger volume of the latter, indicator will not reach the tip of the catheter until a finite length of time after entry of the left atrial indicator into that chamber. The timing of both indicator curves was related to the midpoint of the left atrial injection. This introduces an error in the determination of the mean transit time of the pulmonary arterial indicator, which is assumed not to exceed 0.75 second. The two indicator curves were sampled simultaneously in a fraction collector, thus avoiding a change in the state of the patient. Samples were collected at 2-second intervals, producing a potential error in mean transit time of 1 second. An alternative technique used by McGaff, Jose and Milnor, has been to inject indicators into the pulmonary artery and left atrium consecutively rather than simultaneously and record the time-concentration curve at the brachial artery with a densitometer (10) . This has the advantage of potentially improving the accuracy of timing, but the disadvantage of nonsimultaneous determinations. It is currently not possible to record accurately two different dyes simultaneously with two different densitometers.
Because the same aliquots of blood were analyzed for both indicators, errors in the calculated pulmonary mean transit time due to faulty timing of the collecting system, measurement of delay within the sampling catheter, and irregular skewing of the time-concentration curve by the peripheral arterial system have been eliminated.
In considering the above sources of error in the cardiac output and mean transit time determinations, it must be assumed that an over-all error of 20 to 30 per cent may thus be introduced into the calculation of the pulmonary blood volume.
Comparison with previous studies of central blood volume The circulating blood volume of the pulmonary vascular compartment has defied exact measurement despite Stewart's demonstration in 1897 of the theoretical basis for this calculation (1) . Further theoretical and experimental confirmation of the validity of this volume determination, utilizing the product of the mean transit time of indicator particles and the blood flow, has been given repeatedly (2, (11) (12) (13) (14) .
Investigators have previously calculated "central," "intrathoracic," and "pulmonary" blood volumes by this method. However, the inability to measure the mean transit time of indicator particles traveling from pulmonary artery to left atrium has prevented determination of the pulmonary vascular volume alone. The results of several of the earlier studies are compared with the 324 PULMONARY BLOOD VOLUME IN MAN (25, 26) , the pulmonary blood volume was found to represent approximately 12 per cent of the total blood volume. In the four patients with normal circulatory dynamics, this figure was 9 per cent.
Factors influencing the pulmonary blood volume
A previous report from this laboratory by Rapaport, Kuida, Haynes and Dexter (27) described the general lack of agreement in the literature concerning the extent to which certain factors may influence the volume of the pulmonary vascular compartment. The values obtained in this study, representing what is considered to be a closer approximation to the true pulmonary blood volume, have been correlated with other hemodynamic parameters measured during combined right and left heart catheterization.
Contrary to the findings of Rapaport and coworkers (27) , no relationship was noted between cardiac output and pulmonary blood volume. One evident explanation for this divergence of results is that the earlier study contained a smaller number of cases and pertained to the volume of blood between pulmonary artery and brachial artery. The alternate possibility is that the present study included a greater number of patients with severe pulmonary vascular disease, in which case an altered vessel distensibility could obscure a direct flow-volume relationship. No such relationship was evident, however, when the cases exhibiting high pulmonary vascular resistance wvere segregated from the remainder of the group.
It is reasonable to suspect that pressure eleva-tion within the left atrium would be reflected by a volume increase in the pulmonary vascular bed and perhaps in the calculated pulmonary blood volume. Indeed, it has been thought that pulmonary "congestion" is responsible for most of the clinical picture associated with mitral valve disease and/or left ventricular failure. A correlation was found in this study between the level of left atrial pressure and pulmonary blood volume, the mean pulmonary blood volume being 277 ml per m2 in the group of cases with left atrial pressure 15 mm Hg or less, and 357 ml in those patients with atrial pressures above this level (see Figure 7) . The difference between these means is statistically significant, the p value being less than 0.02. If those cases with calculated pulmonary vascular resistance above 500 dynes-sec-cmn5 are excluded, the effect of elevated left atrial pressure upon pulmonary blood volume is even more evident, the means of these two groups being 264 and 403 ml per m2 (p = <0.01). A markedly elevated pulmonary vascular resistance is apparently associated with smaller volumes than would be expected from the pressurevolume relationship seen in the low resistance group. This is not a surprising finding if it is assumed that an elevated pulmonary vascular resistance represents vasoconstriction or mechanical obstruction of the pulmonary vessels. These processes may involve the pulmonary veins as well as arteries. Simon has demonstrated radiologic evidence of regression of engorgement of the pulmonary venous system in a group of cases with severe elevations of left atrial pressures as compared to a group with only moderate left atrial hypertension (28) . Figure 6 shows a similar relationship between the pulmonary arterial pressure and pulmonary blood volume. The association is more evident in the absence of pulmonary vascular disease, when mean pulmonary arterial pressure changes merely reflect rises of left atrial pressures. With the onset of severe elevation of pulmonary vascular resistance, these three parameters no longer exhibit the same dependence upon one another.
As has been pointed out by Burton (29) , the factor which determines the volume of a vessel is the transmural pressure, or the difference in pressures within the lumen and exterior of the vessel. This transmural pressure does not necessarily bear a direct relationship to the gradient across a vascular bed from arterial to venous segment. Thus, it is understandable that a correlation was not observed between the pulmonary blood volume and the pressure difference across the pulmonary circulation (pulmonary arterial mean -left atrial mean pressure) or the pulmonary vascular resistance.
In view of the varying severity of the disease process among the diagnostic groups, it was not unexpected that the type of lesion, age, sex, or size of the patient had no apparent influence upon the volume of the pulmonary vascular compartment.
The studies of Lammerant (15) indicate a significant reduction in pulmonary blood volume during exercise and following food intake. Redistribution of blood with the upright position will result in a shift of blood out of the thorax and to the lower extremities. These influences, however, were not in effect in the patients of this study, who were all fasting and in the prone position.
It is apparent that there is no single determining factor governing the pulmonary blood volume in disease states, and it is concluded that a number of opposing influences are in operation whose combined effect is to maintain this volume of blood in the lungs within a relatively narrow range. While it is probable that increased pulmonary venous pressure, by producing distention of that vascular segment and also of the arterial compartment, tends to cause an increase of pulmonary blood volume, at the same time pulmonary vasoconstriction or vascular obliteration may be present and exert an opposite effect. Under such conditions the pulmonary blood volume as a whole might show no dramatic change.
SUMMARY
A method for the measurement of pulmonary blood volume in man has been described, utilizing the product of the cardiac output and the pulmonary mean transit time as determined by simultaneous indicator injections into pulmonary artery and left atrium.
The method has been applied to the study of 45 patients during combined right and left heart catheterization. The assumptions on which this 326 PULMONARY B3LOOD VOLUME IN MAN miethod is based are discussed, possible sources of error are considered, and the results are compared with previous studies of the pulmonary blood volume. The values obtained are essentially the same as those reported by Kunieda and Milnor and associates. They are significantly smaller than those previously reported by others, and are thought to approach more closely the true volume of the pulmonary vascular compartment.
In the absence of severe pulmonary vascular disease, there appears to be a direct relationship between the volume of blood in the lungs and the pressure within the pulmonary venous system. However, in the presence of vasoconstriction or mechanical obstruction of the pulmonary vessels, as reflected by an elevated vascular resistance, this relationship is altered and further elevations in pressure are not accompanied by volume increases of the same magnitude.
It is evident that a number of interrelated and opposing forces determine the volume of blood in the lungs, and their combined effect is to maintain this volume within a relatively narrow range.
